The National Ignition Facility (NIF) Opacity Spectrometer (OpSpec) is a modular spectrometer designed initially for opacity experiments on NIF. The design of the OpSpec is presented in light of the requirements and constraints. Potential dispersing elements and detector configurations are presented, and the advantages and disadvantages of each configuration are discussed. The full OpSpec design covers the energy range from approximately 550 eV to 2 keV. The energy resolution of the OpSpec is E/∆E > 500. Applications of the OpSpec are discussed, including relevant astrophysical applications for NIF experiments, and will compliment recently published work on the Z machine.
INTRODUCTION
Bragg crystals have been used as X-ray resolving elements for many years. On pulsed power machines such as the National Ignition Facility (NIF), 1 the Omega Laser Facility 2 and the Z Machine, 3,4 these crystals are used in spectrometers for a wide variety of experiments. One particular class of experiment which can be explored using these high-energy-density machines is opacity experiments. Opacity experiments are of interest in further understanding stellar physics models. Spectroscopic observations of the photosphere have led to recent reductions in the assumptions of the quantities of carbon, oxygen and nitrogen in the interior of the sun. However, these reductions in the models are at odds with helioseismic observations. 5−8 This discrepancy could be resolved with improved measurements of the opacities of iron, as iron opacity plays a significant role at some of the boundaries of the interior of the sun. 9 Laboratory tests of opacities and high densities and temperatures can be used to validate models of stellar interiors.
Recent experiments at the Z Machine have called into question some of the models used. 10 Bailey, et al., obtained results from opacity measurements of iron that varied significantly from modeled data, both in amplitude and in overall shape. If confirmed, these results may help to resolve the discrepancy between the spectroscopic measurements of the photosphere and the helioseismic observations. In order to confirm the results obtained on the Z machine, an opacity measurement platform is being developed on the National Ignition Facility (NIF). The Opacity Spectrometer (OpSpec) is a spectrometer designed for these opacity experiments. The spectrometer will be used to study the opacities of chromium, iron, and nickel. The spectrometer is being designed to cover the wavelength range from 540 eV to 2100 eV. Due to the large Xray energy range, it is necessary to use a circularly (cylindrical) curved convex crystal. Because the Opacity Spectrometer uses X-ray film as the detector medium, care must be taken to simultaneously measure the desired signal and all sources of background radiation present during the experiment. These background sources include film fogging and self-emission from the hohlraum and sample. In addition, the resolving power of the spectrometer is required to be E/∆E > 500 over the whole energy range, with E/∆E > 800 over the range of 700 eV -1500 eV. The resolving power requirement is set by the need to match the data with the models. This paper presents the design of the OpSpec, and the future opacity experiments on NIF.
DESIGN OF THE OPACITY SPECTROMETER
The purpose of the OpSpec is to provide spectral opacity measurements over a range of low energy X-rays. The X-ray are incident upon a crystal, which serves as the dispersing element. The OpSpec crystal spectrometer uses a curved potassium acid phthalate (KAP) crystal as the dispersing element. KAP was chosen due to its high reflectivity at low energies compared with most Bragg crystals, and its relatively featureless spectrum over the energies of interest. The reflectivity of KAP as a function of energy is shown in Fig. 1 .
The KAP crystal has a 2D lattice spacing of 26.65 angstroms. The KAP crystal in the OpSpec is cylindrically curved to disperse the X-rays by Bragg reflection. The energy dispersed X-rays impact film, giving energy as a function of location. In order to estimate the resolving power of the spectrometer, several factors must be taken into account. Factors affecting the spectrometer resolving power include: The OpSpec is a snout mounted onto a diagnostic in a diagnostic instrument manipulator (DIM) in NIF. The layout of the spectrometer is shown in Fig. 2 . The X-ray source is located at position (x s , y s ). The center of the crystal curvature is located at (x c , y c ). Since this spectrometer operates via Bragg reflection, the angle θ is a function of the energy. For a KAP crystal, with 2D spacing of 26.65 angstroms, the reflection angles for Figure 2 . The schematic layout of the OpSpec. Since the OpSpec uses point-projection spectroscopy from a backlighter, the tolerances on the location are loose. To reduce the possibility of damage to the crystal, the crystal will be located >600 mm from the source.
540 eV and 2100 eV are 59.5 and 12.8 degrees, respectively. Given the large angular spread, it is preferable to curve the crystal with as small a radius of curvature as possible, to limit the size of the spectrometer. However, brittleness of the crystal prevents them from being bent and mounted to substrates with smaller than 2-3 inch radius of curvature.
For the OpSpec, a 75 mm radius of curvature was chosen. Since the opacity platform on NIF utilizes a back-lit sample inside a hohlraum, the crystal must be placed in line with the backlighter and sample. Since the OpSpec uses X-ray film as a detector medium, it can be placed off-axis, as the OpSpec does not use the detector in the DIM for imaging. This will also help reduce the background on the film due to high energy X-rays from the source and sample, as the film plane in nearly parallel to the incident X-rays.
RESOLVING POWER OF THE OPACITY SPECTROMETER
In order to accurately measure the opacity of iron and other metals, it is necessary to have the resolving power for the OpSpec better than E/∆E > 500. The resolving power is determined by several aspects of the spectrometer and experiment. The resolving power for the OpSpec is calculated by adding the resolving power for the crystal, detector, and source in quadrature.
The OpSpec uses Kodak 2492 RAR X-ray sensitive film. This film was chosen because it has been calibrated for its low energy X-ray response.
11 Although the X-ray film used in the OpSpec can be scanned with 1µm resolution, the resolving power of the film is determined by the grain size. The film used in this experiment has a grain size of approximately 20 µm.
The resolving power for the film is determined by calculating change in detector location due to an incremental increase in energy. The resolving power is calculated by
where
• ∆x is the grain size of the X-ray film, • dE is the incremental energy change,
is the change in detector location due to the incremental energy change.
The source broadening resolving power was calculated by shifting the location of the source laterally in the ray-tracing program and calculating the change in energy at a given location on the detector. Crystal resolving powers from Henke tables were also used. 12 The resolving power for KAP and RAP are shown in Fig. 3 .
PHOTOMETRICS OF THE OPSPEC
The signal measured by the OpSpec is given by the following equation:
where • M is the measured signal, with units of counts/mm 2 ,
• S is the source term, with units of photons/keV/sr,
• T is the transmission of the filters,
• Q is the quantum efficiency of the film, with units of counts/photon,
• R is the integrated reflectivity, with units of mrad, taken from Henke tables,
12
• dΩ dA is a geometric term related to the curvature of the crystal, with units of mrad/mm 2 ,
• dE dθ relates the rate of change of the energy of reflection to the change in Bragg angle.
The first four terms in equation 2 are straightforward. However, the last two terms require further explanation. The term dΩ dA represents the spreading out of the data on the detector due to the bending of the crystal. If we were to directly compare two crystals bent to different radii, the data would spread out differently, even though the solid angles subtended by the two crystals are identical. The more the crystal is bent, the more the signal is spread out and the fewer photons striking a given resolution element on the film. This term is given by
where dx c is the change in location of the impact of rays on the crystal, dx d is the corresponding change in location on the film, and r 1 and r 2 are the source-to-crystal and crystal-to-detector distances, respectively.
The term dE dθ is a property of the crystal. The Bragg condition is given by the equation
where d is the lattice spacing for a particular crystal and k is a constant of proportionality. From here, it is straightforward to calculate the derivative.
Future measurements at NIF will be performed to characterize the backlighter spectrum. The backlighter spectrum will be measured using the NIF Dante diagnostic.
14 This measurement will be input into equation 2 as the source term to calculate the expected signal on the film.
FUTURE WORK AND OPSPEC USE ON NIF
A design drawing of the OpSpec is located in Fig. 4 . The opening on the front of the diagnostic lines up with the DIM axis along the line of sight toward target chamber center (tcc). To allow installation in the DIM through the access port, the weight of the OpSpec must be kept to less than 15 lbs, and the moment of the snout must be less than 20 ft-lbs. In order to reduce the weight, the housing will be made from aluminum. However, aluminum fluoresces when exposed to high-energy X-ray, and this fluorescence presents a possible contamination of the signal. In order to mitigate X-ray contamination from the housing and other sources, several layers of tungsten alloy will be used. The tungsten alloy will be backed with copper to absorb any tungsten fluorescence.
The film pack will be made light-tight, using thin (sub-micron) aluminized mylar films. The thin films are necessary in order to minimize attenuation of the signal. OpSpec is initially expected to use two thin filters: one in front of the crystal, and one making the film pack light-tight. Shielding must protect the rear filter from any debris, as any damage to the filter will compromise the data on the film due to light contamination. The OpSpec will mount directly to the kinematic base of the diagnostics in NIF. Following each shot, the film cartridge will be removed and placed into a light-tight transport container. The entire spectrometer will then be removed for refurbishment, since the filters are expected to be destroyed each shot. Multiple identical copies of the hardware will be manufactured to facilitate repeated shots between refurbishment.
The OpSpec assembly is expected to be complete by January 2016. The preliminary qualification on NIF is scheduled for February 2016. This will coincide with the Hohlraum development shots for the NIF Opacity platform. The first full opacity platform test is expected in 2017.
